Experimental results obtained from electrochemical preparation of tungsten followed by a novel insulating technique are reported. An additional effective method for insulation of the electrochemically etched W tips based on cathophoretic paint deposition is described. The cathophoretic paint deposition isolation method was found to be highly reproducible, forming an isolated stable film in both aqueous and nonaqueous organic solvents.
The scanning tunneling microscope ͑STM͒, invented by Binning and Rohrer 1 in the early 1980s, has become an important instrument in surface science. STM uses the high sensitivity of tunneling current flowing through the gap formed between the sample and the tip. Tip characteristics ͑size, shape, and cleanliness͒ and its composition are key issues in determining the STM image resolution. Usually, STM tips are being produced from W metal or a Pt/ Ir alloy with ideally one atom at its apex. Different methods enabling the production of high-quality tips allow accomplishing atomic resolution images of studied surfaces. These methods include electrochemical, 2 mechanical, 3 evaporation, 4 cutting, 5 and breakoff 6 techniques. Improperly prepared tips may have several minitips, while the nearest one to the surface provides the image. Once several tips are being formed, a possible exchange in the working tip may occur during scanning, resulting in double or even multiple features being recorded from the sample surface. In addition, the presence of contaminations and oxides at the tip surface may lead to an unstable tunnel junction, causing irregularities in the STM imaging and scanning tunneling spectroscopy ͑STS͒. Thus, a major objective in tip production and preparation for STM research is to assure the formation of a sharp metal tip with a low-aspect ratio ͑tip length/rip shank͒ in order to minimize flexural vibrations.
The electrochemical method is considered as the easiest and most rapid tip preparation method, capable of obtaining reliable and inexpensive tips for STM applications. The electrochemical metal etching procedure usually involves anodic dissolution of the metal electrode. 7 Direct current ͑dc͒ etched tips are usually prepared by the so-called "drop-off" method, in which etching occurs at the air-electrolyte interface, causing the portion of wire immersed in the solution to "drop off" when its weight exceeds the tensile strength of the etched wire metal neck.
The use of in situ STM conjugated with electrochemical studies of metal substrates in a liquid environment compel the user to insulate the tip up to the very end in order to maintain a negligible Faradaic current compared with the tunneling current. Only the tip top end point should remain exposed, allowing a flow of a tunneling current. In this work, we present our study on the electrochemical preparation of tungsten STM tips followed by two different insulation methods. Two insulation methods were compared and studied: traditional hot wax coating and alternative tip coating via electrophoretic paint deposition.
Polycrystalline W wire ͑0.25 and 0.2 mm in diam, Agar Scientific Ltd., 99.995 wt %͒ was used for tip fabrication. Several electrochemical etching procedures of tungsten wires, aimed at the production of tips for STM application, are described in the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Tungsten wire served as a working electrode ͑anode͒, while a stainless-steel wire was used as the counterelectrode ͑cathode͒ during electrochemical etching. Tungsten anode wire, immersed in the alkaline electrolyte, was perpendicular positioned in the center of a 316 L stainless-steel cathode ring. Once a dc bias ͑of 2 V and higher͒ was applied across the anode and the cathode, the wire was etched at the electrolyte-air interface meniscus position, which determines the local ion density distribution. The electronics consists of a constant-voltage power supply with an automatic switch-off controller, while the cutoff current values could be selected by the operator. The potential was automatically switched off once the cell current reaches a specific cutoff current value. Upon termination of the electrochemical etching, the immersed portion of the wire drops into the bath, leaving a usable tip on the tip holder. An optimal value of 11.25 mA current cutoff provides a minimal tip radius etched in a 3 M NaOH solution at a bias of 5.5 V. Tips were washed with methanol and isopropanol subsequent to the electrochemical etching in order to minimize further oxide formation at the tip surface.
Two different STM tip insulation methods were evaluated and studied in this article.
Apiezon thermoplastic wax was used as the insulating material. The method for preparation of an electrochemical STM ͑EC-STM͒ tip coated with Apiezon wax is illustrated in Fig. 1͑a͒ . Apiezon wax ͑melting point 80-90°C͒ was placed in a copper wax holder and was melted with the use of a soldering iron. The electrochemically etched tips were pulled through a hot wax film at a constant velocity with a micrometer apparatus. The coated tips were allowed to cool at room temperature for a few hours before any use.
a͒ Author to whom correspondence should be addressed; electronic mail: eineli@tx.technion.ac.il Cathophoretic epoxy paint ͑Powercron 645, PPG͒ was used for isolation of the tungsten tips. Deposition was carried out in an electrophoretic cell shown in Fig. 1͑b͒ . The etched tip was positioned in the center of a stainless-steel ring anode. A constant dc voltage of 120 V was applied for 2 min. The tip was then removed from the solution and was thoroughly rinsed in distilled water to remove any excess of loose particles. Curing of the polymer film was conducted in an air oven at 200°C for 45 min, followed by a cooling step in ambient temperature. In order to remove the isolation coating and to expose the top end of the coated tip, an ARC discharge method was applied. ARC discharge, described as an electrical breakdown of a gas, which produces an ongoing plasma discharge, resulting from a current flowing through the air, being a nonconductive medium. The arc occurs in the gas-filled space between two conductive W electrodes and it results in a very high temperature, capable of melting or vaporizing the W electrode surface covered with the epoxy paint. The working ARC potential was calibrated to a breakdown potential of the isolation film. The coated tungsten tip was positioned against a tungsten wire at a distance less than 1 mm and high voltages ͑ARC discharged͒ were applied between the two electrodes. The initial applied voltage was set to 500 V. Further, the discharge voltage was increased to 1500± 200 V. At this potential range the isolation film was broken and current started to flow between the two electrodes.
The quality of etched W tips and their insulation quality were characterized by optical, high-resolution scanning electron microscopy ͑HRSEM͒, and STM microscopes. The tip shape and length were instantly evaluated by an optical microscope subsequent to the electrochemical etching and cleaning. Subsequent to the inspection of the tip shapes under the optical microscope, the tips were studied in a SEM in order to evaluate the symmetry and tip radius. Stability of both coating methods in organic solvents was studied by immersion of the coated tips in a nonaqueous, nonpolar solvent ͑benzene͒ and in a nonaqueous polar solvent ͓tetrahydro-furane ͑THF͔͒ overnight. Finally, the performance of the produced tips was evaluated in a scanning tunneling microscope ͑STM, PicoScan, MI͒ using a highly ordered pyrolytic graphite ͑HOPG͒ sample as a substrate. Faradaic currents of the insulated tips were measured in EC-STM cell using a copper substrate immersed in 3 g / l NaOH solution.
An image of the HOPG surface in air, presented in Fig. 2 , was obtained in order to evaluate the quality of the etched tungsten tips. As can be seen, the atomically resolved image is being produced with the use of the tips produced electrochemically.
Optical microscope images of coated and uncoated tungsten tips by the Apiezon wax are presented in Fig. 3 . A thick layer ͑ϳ500 m͒ of polymer is covering the tungsten tip ͓Fig. 3͑b͔͒, while the tip end is exposed. The measured Faradaic currents were less than 0.05 nA at open circuit potential ͑OCP͒, using copper electrode as a substrate in 3 g / l NaOH solution.
Cathophoretic epoxy paint ͑Powercron 645͒ was selected in order to prevent polarization of tungsten at high potentials where the formation of oxide films can take place and to increase isolation film properties. A uniform epoxy coating with a thickness of approximately 30 m ͑Fig. 4͒ and a fairly high electrical resistivity ͑recorded leakage currents in the STM were measured to be less than 0.01 nA in 3 g / l NaOH solution with the use of copper substrate͒.
Apiezon was found to be unstable upon immersion in organic solvents; it is dissolved instantly in both nonpolar ͑benzene͒ and polar nonaqueous ͑THF͒ organic solvents. In contrast, the electrophoretic coating of tungsten tips produces a stable epoxy film, which is immiscible in the organic solvents mentioned above. Thus the tips produced via the electrophoretic coating can be applied both in studying substrates in aqueous and organic environments.
The characterization of coated W tips was performed with the use of an optical microscope and SEM ͓Figs. 4͑b͒-4͑d͔͒. Comparison of optical and SEM micrographs obtained from a stripped ͓Fig. 4͑a͔͒ and a coated tip ͓Figs. 4͑b͒ and 4͑d͔͒ show that the electrophoretic coating did not markedly change the shape of the tip. The homogeneity and thickness of the isolation polymer layer was assessed by SEM and is presented in Figs. 3 and 4͑b͒ . Figure 4͑b͒ presents a cross section of a cathophoretic coated tungsten tip with a homogeneous concentric polymer film, well adhered to the metal surface with an average thickness of 30 m. The exposed area of the tips was calculated to be less than ϳ400 m 2 . This value was driven from studying the current behavior in a voltammetry profile obtained from polarizing a tungsten tip This value is considered appropriate for STM applications, based on earlier investigations. 12 Application of a cathophoretic e-coating has several advantages over the Apiezon wax coating. Cathophoretic deposition, although being a complex process with multiple steps involved in the experimental procedure, can be recognized as a highly efficient coating method. In this study, approximately 90% of the coated tips were well isolated, yielding currents of less than 0.05 nA, compared with lower yield values obtained once Apiezon wax was the method of choice. Although insulation of Apiezon wax requires only one coating step, the application of Apiezon wax frequently results in insulation of the tip apex. On the other hand, electrophoretic paint deposition, although at first glance seeming to be a relatively complex method, is practically simple, with high reproducibility. It should be stated that this process does not require extensive practice in the so-called "art of tip formation" as one would expect from wax application.
Two insulation methods were studied and compared for EC-STM purposes: Apiezon hot wax coating and alternatively electrophoretic paint deposition. It is clear that coating with electrophoretic lacquer is not as easy as coating with wax, since several steps are involved in this procedure: coating in an electrophoretic cell, curing of the coating at elevated temperature, and finally arc discharge application. In contrast to the electrophoreic method described in this article, wax isolation requires only one short step. This article reports that the effective method for insulation of the electrochemically etched W tips is the cathophoretic paint deposition method since it was found to be highly reproducible and most convenient compared with the application of Apiezon wax via the hot coating method. In addition, Apiezon wax was found to be unstable upon immersion in organic solvents while electrophoretic coating of tungsten tips produces a stable epoxy film, which is immiscible in the organic solvents mentioned above. Thus the tips produced via electrophoretic coating can be applied both in studying substrates in aqueous and organic environments. 
